what is known already: Previous studies have established that an elevated blood level of CRP is variably present in women with PCOS, and may be present independent of metabolic status. study design, size and duration: A familial based phenotyping study consisting of 81 families comprised of PCOS patients and their first-degree relatives for 305 subjects.
Introduction
Polycystic ovary syndrome (PCOS) is the most common hormonal abnormality occurring in 5-8% of female population of reproductive age (Azziz et al., 2004) . Previous studies have shown a high incidence of familial clustering of PCOS, suggesting that PCOS has a genetic component (Carey et al., 1993; Legro et al., 1998) . The prevalence of metabolic syndrome (MetS) is high in women with PCOS compared with the general US population (Ehrmann et al., 2006) , with mixed associations in other populations (Hosseinpanah et al., 2011; Wijeyaratne et al., 2011) . First-degree relatives are also affected (Sam et al., 2006; Coviello et al., 2009) . The MetS and its components are associated with measures of inflammatory markers, such as C-reactive protein (CRP) levels (Ridker et al., 2003) .
Previous studies have shown a positive correlation between parents and their offspring with respect to CRP levels (Pankow et al., 2001; Hersh et al., 2006) . CRP is a strong independent predictor of future cardiovascular disease (CVD) and type 2 diabetes mellitus (T2DM) (Ridker et al., 2000) . Epidemiological evidence has shown that elevated CRP levels in women with PCOS are associated with other surrogate markers of CVD even in young women with PCOS (Boulman et al., 2004; Cascella et al., 2006; Orio et al., 2006) . However, studies have reported comparable CRP levels between women with PCOS and control women who had similar age and BMI distributions (Meyer et al., 2005; Topcu et al., 2006) Hence, elevated CRP levels in women with PCOS may be confounded by obesity or heritability. As the issue remains controversial whether CRP levels are normal or increased in women with PCOS, our goal was to study the familial aggregation and heritability of CRP in women with PCOS and their first-degree relatives. We hypothesize that CRP levels have a high heritable component in women with PCOS and their families.
Methods

Study population and research design
The study consisted of 81 families comprised of women with PCOS (n ¼ 81) and their first-degree relatives (father (n ¼ 81), mother (n ¼ 81), brothers (n ¼ 21) and sisters (n ¼ 41, of which 34 had PCOS, 5 non-PCOS and 2 unknown PCOS status)) for 305 subjects who participated in our ongoing phenotype and genotype studies of familial PCOS. We have previously reported data on 78 of 81 probands (and family members) (Legro et al., 1998; Sam et al., 2006; Coviello et al., 2009) . In this study, the 81 probands were chosen from families recruited from the Central Pennsylvania area who were part of a complete trio (proband, mother and father), and all had available serum for the CRP assay.
The Institutional Review Board of Pennsylvania State University College of Medicine, Hershey, PA, approved the study protocol. Written informed consent was obtained from all participants. Women with PCOS and their siblings and parents were eligible to participate. All of the PCOS participants included in the study met the NIH PCOS definition criteria (Legro et al., 1998) : (i) spontaneous intermenstrual periods of ≥45 days or ≤8 periods per year, and (ii) serum total testosterone .2 nmol/l or bioavailable testosterone .0.52 nmol/l, while not taking oral contraceptives. The quantitative determination of CRP levels was done using Mesoscale Discovery CRP assay kit (Gaithersburg, MD) having an interassay coefficient of variation of 9.7%. Clinical significance of CRP levels based on the American Heart Association (http://www.americanheart.org) are (i) ,9.5 nmol/l ¼ low risk for CVD, (ii) 9.5 -28.6 nmol/l ¼ intermediate risk for CVD and (iii) .28.6 nmol/l ¼ high risk for CVD. We defined a CRP level .28.6 nmol/l as elevated in our study. T2DM was defined as fasting plasma glucose (FPG) ≥7 mmol/l. MetS as defined by the American Heart Association 2005 guidelines (Grundy, 2005) : waist circumference (WC) ≥102 cm in men and ≥88 cm in women, triglyceride levels (TTG) ≥1.7 mmol/l or on drug treatment for elevated TTG, high-density lipoprotein cholesterol levels (HDL-C) ,1.03 mmol/l in men or ,1.3 mmol/l in women, systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85 mmHg or on drug treatment to lower blood pressure, FPG ≥5.55 mmol/l. If three of the five criteria were met, subjects were identified as having MetS.
We used two different analyses, logit link model and variance component analysis, to test the effects of parental CRP levels on their offspring. To account for familial clustering, generalized estimating equations (GEE) (Zeger and Liang, 1986 ) with a logit link were used to model the association between elevated CRP levels in women with PCOS and their siblings (i.e. dependent variable) with their parental CRP group (i.e. group A: neither parent having elevated CRP, group B: only one parent having elevated CRP, or group C: both parents having elevated CRP). Analyses were adjusted for gender, age and BMI of the offspring. GEE with a logit link is an extension of logistic regression that accounts for correlated data, e.g. children from the same family. As a secondary analysis, a mixed-effects model was used to assess CRP levels on a continuous scale to compare female offspring with and without PCOS. As the CRP levels were skewed, the natural logarithm of the CRP levels were taken to meet mixed-effects modeling assumptions and thus comparisons between parental groups are reported as the ratio of geometric means, due to back-transforming, and 95% confidence intervals (CIs). All hypothesis tests were two sided. All baseline characteristics and hypothesis tests were performed using SAS software (version 9.2; SAS Institute Inc., Cary, NC).
We also calculated heritability estimates (h 2 ) of natural log transformed CRP levels for the 81 families included in this study. A heritability estimate (h 2 ) shows the proportion of phenotypic variance that can be explained by genetic variance (Almasy and Blangero, 1998) . As CRP levels could be elevated in T2DM, additional analyses excluding participants with T2DM were performed. In these analyses, the whole family was excluded if a proband had T2DM (n ¼ 2 families and 7 people). If a non-proband family member had T2DM (1 non-PCOS sister, 1 brother, 2 mothers, 10 fathers), they were also excluded from the analysis. However, the family was still included because all families had at least one unaffected family member in addition to the proband. FPG was missing from 4 fathers and 2 mothers; they were included in the analysis.
We also investigated if there was a sex-specific parental effect on heritability of CRP levels. For calculation of maternal h 2 , we did a heritability analysis by making the phenotypic information on fathers unknown. For paternal h 2 , we made the phenotypic information on mothers unknown.
This was done excluding participants with T2DM. All h 2 were performed using Sequential Oligogenic Linkage Analysis Routines (SOLAR, version 4.2.7, Southwest Foundation for Biomedical Research). Proband ascertainment was employed and all covariates were adjusted for age, age 2 , BMI and sex.
Sample size justification
A sample size of 27 families per parental CRP group (81 families in total) would provide 81% power to detect a trend across parental CRP groups in the elevated CRP proportions among offspring using a two-sided test for trend from a logistic regression model with a type I error rate of 5%. We assumed that the proportion of offspring having elevated CRP levels would be 0.03 in parental group A, 0.10 in parental group B and 0.30 in parental group C.
Results
Baseline characteristics (Table I) show that all family members were overweight, except for probands who were obese. Diabetes was present (,5%) in each group except for fathers. MetS was most prevalent in PCOS probands. Among the probands, most met criteria for MetS due to a high WC.
Sixty-two percent of the families (n ¼ 50) were classified into parental group C where both parents had elevated CRP levels, 27% (n ¼ 22) in parental group B where one parent had an elevated CRP level, and 11% (n ¼ 9) in parental group A where neither parent had an elevated CRP level (88, 37 and 18 offspring per group, respectively). As hypothesized, and not adjusting for covariates, a greater percentage of offspring had elevated CRP levels in parental group C (84%), followed by parental group B (43%), and then parental group A (17%). Adjusting for offspring gender, age and BMI using GEE with a logit link, 94% of the offspring had elevated CRP levels in parental group C, 45% in parental group B and 10% in parental group A (linear trend test P , 0.0001; n, number of people with metabolic syndrome or diabetes; total n, number of people who have information to determine if they have the disease status. All percentages were calculated for each group using the total number of people for whom information was available. CRP, C-reactive protein; Diabetes, fasting plasma glucose ≥7 mmol/l; FPG, fasting plasma glucose, ≥5.55 mmol/l; HDL-C, high-density lipoprotein cholesterol, ,1.04 mmol/l in men, ,1.30 mmol/l in women; HTN, hypertension, systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85 mmHg; MetS, metabolic syndrome; TTG, triglyceride levels, ≥1.7 mmol/l; WC, waist circumference, ≥102 cm in men, ≥88 cm in women. ]. Offspring in parental group C and the offspring in parental group A were both borderline obese with no differences between parental groups.
Significant differences were observed when examining all pairwise comparisons between the three parental groups with the effect size quantified using odds ratios (OR) and 95% CIs. The odds of having offspring with elevated CRP levels were 138 times greater in parental group C compared with parental group A [OR ¼ 138, 95% CI (19, 998), P , 0.0001]. Similarly, it was 18 times greater in parental group C compared with parental group B [OR ¼ 17.6, 95% CI (4.5, 68.1), P , 0.0001] and eight times in parental group B compared with parental group A [OR ¼ 7.8, 95% CI (1.6, 38.6), P , 0.01]. We noted no significant difference between history of confounding medication use and elevated CRP levels using a chi-squared test (P ¼ 0.39). Of the parents with elevated CRP, 41% (51 of 121) were on medications that may affect CRP levels (i.e. insulin sensitizing agents, antihypertensives, lipid lowering agents etc.) versus 50% (20 of 40) parents without an elevated CRP level (with one parent missing a full medication history).
In our secondary analysis, we compared female siblings with PCOS (n ¼ 86) and those without PCOS (n ¼ 34). Not adjusting for covariates, the percentage of female offspring having elevated CRP levels increases from parental group A to parental group C. This increasing trend in female siblings in both the women with and without PCOS is similar to our observed results when using all offspring (males and females) regardless of female PCOS status. Adjusting for age, BMI and family cluster, significant differences were observed when examining all pairwise comparisons among the three parental groups (Table II) . A significant dose-response is found with significantly increased odds of an elevated CRP level in female siblings with increasing parental load of elevated CRP levels, regardless of their PCOS status. We examined the prevalence of individual components of the MetS in the children of PCOS parents according to their parental load of CRP. We noted no association between increasing parental CRP load and affected status for the individual MetS components (Table III) . For our heritability analyses (Table IV) , we found high h 2 ranging from 0.75 -0.83 for CRP levels within families of women with PCOS. These remained high after adjustments of age, age 2 , BMI and sex. Even after exclusion of people with T2DM, h 2 did not change significantly and remained high. We also found slightly higher maternal than paternal heritability estimates for CRP levels (Table V) .
Discussion
Elevated circulating CRP levels suggest a proinflammatory condition observed in several disorders linked to insulin resistance including obesity, T2DM, CVD, and cancer. In this family-based study, we found a significant positive correlation of CRP levels between the parental groups and their offspring independent of PCOS status or BMI.
We noted that the parents of women with PCOS tend to have elevated CRP levels, and in fact in the majority of families (62%) both parents are affected. The risk of having an elevated CRP level in offspring is eight times greater when at least one parent has an elevated CRP when compared with neither parent having elevated CRP. Fecundity in the proband generation declines with an abnormal parental CRP load, but no effect is noted among the mothers of women with PCOS. We also found high heritability estimates of CRP levels in families of women with PCOS. This remained significantly high even after adjustment for covariates known to affect CRP levels, suggesting that CRP levels are influenced by genetic variance within these families. The present investigation expands on our previous family-based studies showing clustering of insulin resistance and its sequelae in firstdegree relatives of women with PCOS (Legro et al., 2002; Sam et al., 2006; Coviello et al., 2009) . This study also implicates that CRP levels in PCOS are predominantly heritable on the parent's CRP levels. Our study shows a higher heritability of CRP than other studies (Pankow et al., 2001; Lange et al., 2006; Wessel et al., 2007) . These findings are supported from previous studies which have demonstrated a significant heritability of CRP levels in the general population (Pankow et al., 2001; Fox et al., 2008) .
There are several limitations to our study. First, we have previously reported a high prevalence of clustering of metabolic abnormalities in these families; therefore, it is likely that we would also find a high prevalence and clustering of CRP levels in these same families. Our study did not utilize control families identified on the basis of a proband without PCOS as we were specifically studying CVD risk within PCOS families. Thus, we cannot answer the question whether CRP levels are elevated in women with PCOS and their firstdegree relatives compared with control families. However, our familybased study does include sisters without PCOS allowing for controls within the family. Second, we used a research assay for CRP levels, instead of a clinical assay. However, we corrected for interassay variability by running families on the same plate and any variation between our assay and a clinical assay would have been uniform across families.
Other limitations are a relatively small sample size, lack of a control population and undiagnosed T2DM. We have results with a few wide CIs in relation to some population-based studies of CRP levels. However, our sample size was large in relation to previously reported studies in women with PCOS. We lacked a control population, but our aim was not to compare relative risk of PCOS families, but to examine the heritability of CRP levels within PCOS families. The high heritability estimates in our study could also be accounted for by a small sample size. These families were previously reported to have clustering of metabolic abnormalities; therefore, they could have shared genes and lifestyle habits contributing to high CRP levels. It is difficult to determine how much of the heritability is due to genes or a shared environment. In addition, we defined presence of T2DM as presence of FPG of ≥7 mmol/l. In PCOS, impaired glucose tolerance is more prevalent than impaired fasting glucose (Ehrmann et al., 1999) . Participants in our study may have undiagnosed T2DM based on the criteria of a 2-h glucose level ≥11.1 mmol/l after an oral glucose tolerance test. We did not have results for 2-h oral glucose tolerance tests for all the participants in our study; therefore, we may not have excluded all participants with T2DM.
Ultimately, CRP levels are useful as a marker of CVD risk. These events are rare in women with PCOS of reproductive age and in their parents. We recently reported a higher prevalence of stroke and myocardial infarctions in fathers of women with PCOS compared with population-based control men; however, the absolute rate was low (and without increased events noted in mothers) (Taylor et al., 2011) . In conclusion, our study showed that circulating CRP levels in women with PCOS are not due to PCOS, but rather are likely inherited from their parents (Pankow et al., 2001; Hersh et al., 2006) . Further studies should examine the predictive nature of CRP on CVD events in these families. Recently, studies looking at CRP in CVD did not show a causal link in other populations (Zacho et al., 2008; Wensley et al., 2011) . However, given such a high contribution of genetic variance in CRP in our PCOS population, further studies need to be done to examine the causal nature of CRP in CVD in PCOS.
